INTRODUCTION
The study of water clusters with high-resolution spectroscopic methods has facilitated the determination of accurate potential energy surfaces for the water dimer, and more detailed models for bulk water. 1-9 A central objective of this research, and one which is actually nearing fruition, is the determination of a "predictive universal water model" capable of describing water in all its forms over wide ranges of conditions, based on the combination of high precision spectroscopic results and state-of-the-art ab initio calculations for small water clusters. 1, 6, 7, [10] [11] [12] [13] [14] [15] The most important step in this process is to obtain a "perfect" water dimer potential surface, since two-body forces account for ∼90% of the total cohesive energy of solid and liquid water, 3, 6, 16 and the dominant many-body interactions (induction) are actually contained in the tensorial description of dimer polarization. 3, 5 Three-body interactions will then be refined via similar procedures for the trimer, tetramer, etc.
Accurate description of water dimer spectra ultimately requires the solution of a 12-dimensional dynamics problem, comprising the six strongly coupled large-amplitude intermolecular motions and six intramolecular vibrations. 7, 8, 18, 19 The experimentally determined "trans-linear" structure of the water dimer 17, [20] [21] [22] [23] is widely recognized as the archetype of hydrogen bonding. 24 Figure 1 depicts the 6 intermolecular vibrations along with the rotation-tunneling energy level diagram for a representative (H 2 O) 2 |J, K a ⟩ state. The complicated energy level diagram is a result of the 3 low-barrier tunneling pathways that connect the 8 degenerate minima on the a) Present address: Yahoo, 3420 Central Expressway, Santa Clara, California 95051. b) Present Address: Department of Biosciences, University of Birmingham, Edgbaston, Birmingham, UK. c) Author to whom correspondence should be addressed. Electronic mail:
saykally@berkeley.edu 12-dimensinal water dimer potential energy surface. [25] [26] [27] At is the lowest barrier pathway (estimated at 157 cm −1 from the VRT(ASP-W ) potential 2 ) and is interpreted as the exchange of the two hydrogens in the acceptor molecule. Acceptor switching, At, tunneling splits the initial energy level of the dimer into two new levels, conventionally labeled A 1 and A 2 .
The second tunneling pathway, Interchange (It), comprises the exchange of the donor and acceptor molecules. Several pathways exist for this form of tunneling, but the lowest barrier path (207 cm −1 ) is the "Geared" interchange. This tunneling motion further splits each A 1 or A 2 level into a triplet. The new energy levels are labeled by their representation in the G 16 group. A final tunneling pathway, Bifurcation (Bi), is represented by the exchange of the hydrogen on the donor molecule. This pathway has the highest barrier (394 cm −1 ) and results in an additional shift of the energy levels, but no new splittings. All of these tunneling motions are strongly coupled with the intermolecular vibrations and can produce non-trivial shifts/splittings (> a few cm −1 ) accounting for the considerable complexity in the H 2 O dimer spectra. [28] [29] [30] [31] [32] These tunneling motions, especially the (Bi) pathway, can be used to obtain dynamical information about the hydrogen bond. 33 As we described in a recent review, 20 extensive high precision spectra have now been measured for all of these degrees of freedom-except two, which are actually the most important motions to fully characterize: the in-plane and out-ofplane librations. A short collection of the salient experimental results and recent theoretical predictions is given in Table I . Both librations are thought to be important in hydrogen bond dynamics, but the lack of laser sources at frequencies above 5 THz has limited progress. Both librations comprise motions that initiate the hydrogen bond breaking/formation processes in the condensed phases. Several theory groups have examined the importance of librations in the dynamics of the water hydrogen bond network, and studies of the H 2 O trimer and larger 2 . The labels by the molecules represent the symmetry of the vibration with respect to the molecular plane of symmetry. (Top right) A representative energy level for a state with K a = 0, J = 0 and A ′ vibrational symmetry. The symmetry of the energy levels is given by their representation in the group G 16 as shown by Dyke. 17 The results of the three tunneling motions on the energy levels are also shown. Acceptor switching tunneling (At) splits a |J, K a ⟩ level in to a set of two levels (denoted as 1's triplet and 2's triplet depending on the subscript of the symmetry label). Interchange tunneling (It) splits each of these two levels into a triplet. Bifurcation (Bi) tunneling further perturbs the levels but does not result in additional energy levels. (Bottom) The character table for the G 16 symmetry group which characterizes the energy levels of the water dimer.
clusters have provided considerable insight. [34] [35] [36] [37] [38] In this paper, we present the first detailed experimental study of a libration in the (H 2 O) 2 dimer, made in the librational band region of the liquid via far-infrared VRT spectroscopy.
EXPERIMENTAL
The Berkeley supersonic beam/diode laser spectrometer used in this study has been described in detail elsewhere [39] [40] [41] and only a short description will be provided here.
A helium-cooled diode laser spectrometer (Spectra Physics) using lead-salt diodes (Laser Photonics) was used to produce infrared radiation from 515 to 528 cm −1 . The beam was multipassed 18-22 times through a pulsed planar supersonic expansion of a mixture of H 2 O and He using a Herriot cell and detected using a helium cooled (Si:B) photoconductive detector (IR Labs). The supersonic expansion is produced by bubbling pure He gas, with a backing pressure of 1-2 atm, through liquid H 2 O, and then through a 101.6 mm long slit at a repetition rate of 35 Hz into a vacuum chamber maintained at ∼200 mTorr by a Roots blower (Edwards 4200) backed by two rotary pumps (E2M 275). The cooling in the supersonic beam was sufficient for the cluster species to reach a rotational temperature of 4 K. Simultaneously, the fringe spacing of a vacuum-spaced etalon and an OCS (carbonyl sulfide) reference gas spectrum is detected with a liquid He cooled (Cu:Ge) detector (Santa Barbara Research Center) and recorded to enable precise frequency calibration. The observed linewidths of ∼30 MHz full-width half maximum (FWHM) are slightly larger than the Doppler limited linewidths extrapolated form earlier experiments. Typical frequency accuracy is 10-20 MHz, which was limited by linewidths of the cluster absorptions and laser drift. Spectra are detected in direct absorption using a timegated phase sensitive signal processing approach. The sensitivity of the experiment has been previously discussed by Keutsch et al.: 42 briefly, the signal-to-noise ratio of the Qbranches was about 200:1 compared to 8000:1 for the most intense vibrations observed in THz experiments performed in the same group. The sensitivity of the diode laser experiment (10-100 ppm) is about 2 orders of magnitude lower than that of the THz experiments, indicating that the observed transitions are intense.
Accessing the 500 cm −1 region of the electromagnetic spectrum has been notoriously difficult. The first observation of a libration in the region was reported in 1987 by von Puttkamer and Quack. 43 The spectra reported here required the use of 10 separate laser diodes, each scanned across several modes to cover the specified spectral range. However, large laser gaps are nevertheless present in the spectra, which cause considerable difficulty in the assignment. It is relevant to note that Keutsch et al. have previously assigned a portion of the measured raw experimental spectrum to librations of the H 2 O trimer. 42 Recent matrix isolation results from the Lund group prompted a reinvestigation of the remaining unassigned lines in that region. [44] [45] [46] [47] Figure 2 shows the region of the experimental study with respect to the librational band of liquid water, along with the assigned dimer transitions and the remaining unassigned lines. Figure 3 presents actual spectra observed in a small region, wherein the dimer lines assigned in this regions are much weaker than the dominant trimer lines assigned in Ref. 42 .
RESULTS
Assignment 189 transitions comprising the experimentally observed spectrum have been assigned to an excited vibrational state with A ′′ symmetry; the transitions terminate in three distinct subbands designated by their K a value; the upper state subbands observed here involve K a = 0, 1, and 2. 55 transitions are assigned as a-type (∆K a = 0), 110 transitions are assigned to b-type (∆K a = +1), 23 are assigned to "c"-type transitions (∆K a = −1), and one transition is assigned to a H 2 O monomer. As a note, the labeling of transitions as "c"-type is merely one of convenience to separate those transitions from the rest of the b-type transitions. The selection rules that dictate the assignment are conventional. One of the following must hold: ∆J 0, ∆K a 0, ∆K c 0, and additionally, transitions from a state with a given symmetry label must terminate in a level with the same symmetry but with a change in parity (i.e., A 2 + → A 2 − ). These selection rules dictate the possible observable transitions. 17 FIG. 3. A small portion of the spectral region covered in this study. Asterisks indicate transitions previously assigned to the much stronger out-of-plane libration of the H 2 O trimer. 42 The + labels represent the two dimer transitions observed in the region.
Transitions were assigned through the use of pattern recognition algorithms and ground state combination differences. Intensity patterns were also compared to predictions using the spin statistical weights of each symmetry species, but as the power output of the diode laser was quite variable, they could not be used in every case. The presence of Q-branches was used to confirm the results, along with the agreements of the rotational constants from the fit. Some missing transitions hindered assignment of more transitions due to the significant laser gaps in the spectrum.
A brief discussion of notation
For the sections that follow, a description of the notation that will be used is helpful. For Table I , the transitions are grouped into "sets" which represent transitions to the same "frequency location" in the upper state, referring to the energy level diagram for the H 2 O dimer ( Fig. 1 ). For example, the A 2 − /B 2 + "set" refers to the transitions which originate in an eigenstate with symmetry A 2 − or B 2 + and terminate in one with symmetry A 2 + or B 2 − , respectively. The first symmetry in the label of each "set" corresponds to the symmetry of the lowest possible eigenstate for a given set, noting that this depends on the type of transition. For example, if the transition type is K a = 1 ← 1 and one considers the set A 2 − /B 2 + , this means that the lowest energy ground state is labeled A 2 − , and that the labels alternate with increments of 1 in J. The reason we group transition in this manner is because the sets originate and terminate in the same relative frequency locations in a given triplet. Returning to our example of the K a = 1 ← 1 transition in the set A 2 − /B 2 + , the transitions originate in the lowest level of the ground state triplet and terminate in the top level of the upper state triplet. This system greatly simplifies not only the assignment procedure but also the fitting process.
Analysis
The measured K a subbands were fit to the following nearprolate top energy expressions as described previously: 30, 48 K a = 0,
In these expressions, v (i) , B, D, and (B-C)/4 have their usual meanings. The constant d (1) is an additional centrifugal distortion constant previously shown to improve fitting of the K a = 1 levels and is a manifestation of the non-rigidity of the complex. The tunneling splittings are defined as shown in Figure 1 . It is the separation of the A ± and B ± levels in a particular triplet, and bifurcation (v Bi ) is a shift of each energy level in the triplet. Acceptor switching splitting is not determined explicitly from the fit but can easily be obtained when the origins of the E ± for both the 1's and 2's triplets are known by
The assigned transitions are shown in Table II along with the differences between the observed transitions frequencies and those calculated from the constants obtained from the fit. Table III shows the constants obtained from a nonlinear least squares fit of all the transitions to the expressions given in Equations (1)-(6) along with the 1σ deviations. The root mean squared deviation of the fit is found to be ∼12 MHz, which is well within the frequency accuracy of the experiment. The fit was performed holding the known ground state parameters fixed to calculate the lower state energy. One fit was performed without the parameters fixed and showed good agreement with the known ground state constant values, indicating that the transitions originated in the vibrational ground state. Results of the fit including correlation matrices are provided in the supplementary material. 49
The c-type K a = 0 ← 1 subband 23 lines were assigned to transitions originating in K a = 1 of the ground state and terminating in the K a = 0 excited state. These transitions represent only the 1's triplet of the K a = 0 stack and thus render it impossible to determine the acceptor switching splitting of the upper state. Significant laser gaps TABLE II. Assigned experimental transitions. All values are given in MHz. The symmetry labels represent the lower state symmetry. The type of transition is shown along with the transition frequency and the difference between observed and calculated transition frequencies. The explicit upper (J ′ ) and lower (J ′′ ) J quantum numbers are shown. hindered assignment of the B 1 + /A 1 − set (for example, the region where the Q-branch is expected to reside falls in a large gap); however, sufficient transitions were assigned to unambiguously ascribe the spectra to a state with A ′′ vibrational symmetry. The results of the fit are shown in Table II . Transitions from the ground state K a = 1, 2's triplet to the 2's triplet of the upper state K a = 0 stack were also searched for but were not found. A possible explanation for this is that the transitions lie outside the experimental range due to the presumed large acceptor switching tunneling of the upper state; this will be elaborated in a later section.
The b-type K a = 1 ← 0 subband
A total of 53 lines were assigned to transitions originating in the K a = 0 ground state and ending in K a = 1 excited state. Complete assignment of the excited state K a = 1, 2's triplet was accomplished and, in combination with the transitions assigned in the subsection titled The a-type K a = 1 ← 1 subband, allowed a detailed characterization of this manifold. The resulting energy level diagram shown in Figure 4 for all observed transitions confirms the vibrational symmetry of the upper state as A ′′ . Additionally, the E ± levels of the 1's triplet were found. While this may appear arbitrary without accompanying A 1 ± and B 1 ± transitions, the assignment was confirmed by ground state combination differences. Also the fingerprint of the A 1 ± and B 1 ± transitions was found; however, significant laser gaps precluded the observation of a suitable number of transitions for an unambiguous assignment. Nevertheless, the assignment of the E ± transitions provides valuable insight into the acceptor switching in the upper state K a = 1 stack. A full discussion of the observed tunneling splittings will be presented below.
The a-type K a = 1 ← 1 subband A total of 55 lines were assigned to a-type transitions originating and terminating in K a = 1 stacks. All assigned transitions correspond to the 2's triplet of the upper state, and in conjunction with the assignments of the subsection titled The b-type K a = 1 ← 0 subband, completely characterize the 2's triplet of the upper state K a = 1 subband. This characterization reinforces the assignment of the state as having A ′′ vibrational symmetry. One striking feature of the fit results is the large magnitude of the D and d rotational constants for the B 2 − /A 2 + , which indicates a deviation from the semirigid near-prolate top energy level approximation. Also, the A 2 − /B 2 + set's asymmetry constant displays an abnormal 1σ value, which may be an indication of some perturbation of that energy level set. Given that the quality of the fit is still very good, a possible explanation for this may engender the close proximity of the 2's of the K a = 1 upper state stack to the 2's of the upper stack K a = 2 stack, which is elaborated in the subsection titled The b-type K a = 2 ← 1 subband. The b-type K a = 2 ← 1 subband A total of 57 lines were assigned to transitions from K a = 1 in the ground state to the excited state K a = 2 levels of an A ′′ vibration. The transitions completely characterize the 2's triplet and also reveal an interesting energy level structure between the 2's of the K a = 1 stack and the 2's of the K a = 2 stack. The difference between the origins of the K a = 1 and K a = 2 stacks is less than 1 cm −1 for all four stacks (considering the K doublets as separate stacks) and less than 5000 MHz for three of the triplets. This near-degeneracy, in addition with previ-ously mentioned irregularities in the rotational constants, warranted an investigation into the possibility of Coriolis coupling between the levels, as has previously been shown to be significant for certain energy levels. 50 Coriolis coupling is a result of K a/c not being a strictly "good" quantum number for the water dimer and allows levels of the same symmetry, parity, and J value to mix when brought into close proximity. The interaction generally follows a simple 2-level Coriolis resonance model. 30, 50 After extensive investigation, the energy levels were actually found to not be strongly Coriolis coupled. An attempt to fit to the standard Coriolis FIG. 4 . Energy level diagram for the assigned transitions. Determined interchange and acceptor switching tunneling values are shown. Dashed lines represent the group theoretical structure for energy levels not determined from the current study. The energy level structure represents a A ′′ upper state vibration, consistent with the out-of-plane intermolecular libration. The origins of the 2's of the K a = 1 and K a = 2 stack lie in extreme proximity, which suggests that the levels may perturb each other. The bifurcation tunneling is not shown on this figure; however, the sign changes from K a = 0 to K a = 1 as expected and then changes sign from K a = 1 to K a = 2. Drawing not to scale.
model,
wherein the i-th and j-th energies are obtained from the unperturbed energy expressions from Equations (1)- (6) , produced values for the coupling parameter, ζ << 1 MHz, whereas previously determined values for the parameter have been >1400 MHz. From this result, we conclude that Coriolis coupling is not a significant effect in the energy levels concerned. This unusual result can be rationalized by considering the large magnitude of the interchange and bifurcation tunneling splittings, which keep the levels capable of mixing sufficiently isolated from each other. Figure 5 portrays the separation of the six possible sets that are capable of Coriolis interaction for a given J.
The figure illustrates that while the origins of the two stacks are very close, the large tunneling splitting in this state (particularly for the K a = 1 stack) render the levels capable of Coriolis interaction so widely separated that the mixing is insignificant. Even for the sets that lie closest in proximity (the B 2 − /A 2 + set and the A 2 + /B 2 − set), no appreciable Coriolis perturbation was found.
Vibrational assignment
Assignment of the energy level stacks to an A ′′ vibrational symmetry was unambigiously accomplished by observing the FIG. 5 . Calculated energy levels for the 2's triplets of the K a = 1 and K a = 2 upper state stacks. Each plot is arranged so that the levels capable of participating in Coriolis coupling are plotted together. The calculated energies for the K a = 1 stack are shown in blue/solid line, and the K a = 2 stack energies are in red/dashed line. The average separation between the levels is given on each plot. The plots that show the closest proximity sets are the B 2 − /A 2 + and A 2 + /B 2 − sets, corresponding to the lower doublet of the 2's triplet. That large irregularity in the behavior of the K a = 2 E 2 − /E 2 + set is caused by an extremely large value for both the centrifugal distortion and asymmetry rotational constants and is further discussed later in the paper. The numerical values of the y-axis are arbitrarily removed for clarity of the figure. resulting diagram for the upper state. Figure 6 is reproduced from Ref. 51 and shows the energy level diagram for vibrations with both A ′ and A ′′ symmetry. It can be seen from the figure that we have observed a 1's triplet at lower energy than the 2's triplet in the K a = 1 stack, which confirms the A ′′ symmetry. Similarly, for the K a = 0 stack, we have observed the ordering of the 1's triplet to be B 1 , E, A 1 for the J = 0 level, which is also consistent with A ′′ vibrational symmetry. An identical argument was used to justify the A ′′ symmetry for the K a = 2 stack. Together with combination differences, an upper state symmetry of A ′′ is unambiguously assigned.
For the water dimer, A ′′ vibrational symmetry is consistent with the donor torsion, acceptor twist, and out-of-plane bend intermolecular vibrations. As the former two have been previously measured at frequencies <200 cm −1 , it seems clear that the out-of-plane bend is the vibration we are observing here. Additionally, Ceponkus et al. observed the out-of-plane bend in their matrix isolation experiment to lie near 522.4 cm −1 which agrees very well with our value for the origin of the K a = 1 stack of 523.7 cm −1 . 46 It must be noted, however, that there is a possibility of observing "hot" bands in He expansions due to incomplete vibrational relaxation, which could explain the structure of the remaining unassigned lines. It is unlikely that these "hot" bands affected the present assignment however, as the transitions that were assigned generally correspond to those with highest intensity, and the transitions originating from "hot" bands are expected to be weak.
An estimation of the band origin of the K a = 0 subband can be obtained by considering two facts. The first being that the acceptor switching splitting is generally similar for subbands belonging to the same vibration, and additionally that it tends to decrease as K a increases. Also, the origin of the K a = 0 subband must be lower than that of the K a = 1 subband, which was experimentally determined herein to be 523.7 cm −1 . Based on this the only statement we can confidently make about the origin of the K a = 0 subband is that it lies lower than 523.7 cm −1 which would indicate an acceptor switching splitting of at least 15.9 cm −1 which would fit the trend of dramatically increased tunneling splitting in the librational manifold observed in this experiment. An estimate of the origin in the 522-523 cm −1 region seems reasonable and allows some tentative comparisons to theory and matrix isolation experiments, which can be seen in Table IV . If the measurement is to be consistent with previous measurements, we would expect the origin of the K a = 0 level to be lower than the matrix isolation result and higher that the B3LYP anharmonic calculation which is a range of 514.9-522.4 cm −1 , but without verification we cannot definitively assign a band origin.
ANALYSIS

Molecular constants from the fit
From the fitted constants given in Table III, /B 2 − set have greatly increased values of D and d compared to the other sets in this triplet stack. A likely explanation is that these sets are nearly degenerate and may weakly perturb one other, leading to the irregular constants in Table II . As the constants of the other sets in the triplet have quite typical values for D and d, such a perturbation seems reasonable. Another interesting observation is the behavior of the E 2 − /E 2 + set of the K a = 2 stack. As seen in Figure 4 , the predicted upper state energies for the upper state E 2 − /E 2 + have a large degree of variability compared to the other plotted upper states. This is a manifestation of the abnormally large D and asymmetry constant for that set compared to the other sets in the stack. The exact cause of this is not obvious, but the most reasonable explanation is that there is some external perturbation affecting those energy levels, but the source of that perturbation is not yet clear.
Overall, the excited state constants from the fit are larger in magnitude than the corresponding constants in the ground state. Table IV presents a comparison of the upper state and ground state values, with the ground state constants taken from Ref. 30 . The most striking difference between the two states is the dramatic increase in spread of measured constants in the upper state. Such variability in previous analyses has evidenced perturbations, e.g., Coriolis perturbation between the acceptor twist and acceptor wag vibrations as presented by Braly et al. 29 However, as mentioned earlier, the upper states in close proximity showed no evidence of Coriolis perturbations, which indicates that the perturbations must arise from some external levels. Based on calculations on the CC-pol-5s/f PES in the 475-600 cm −1 region, there is a large density of states at these energies, and even if the region is filtered by artificially "freezing" the states to 4 K, there still exist a large number of possible excited states predicted in the region, as shown in Figure 7 . The large number of remaining unassigned transitions in the region constitutes further support for this notion. As the librational band is considered to be essential for understanding the hydrogen bond-breaking dynamics of liquid water, these perturbations clearly warrant further investigation as to their origin.
Additional insight into the behavior of the energy levels is obtained from the correlation matrices of the fits. For the K a = 0 upper state, all B constants show a positive correlation with their respective D constants, whereas no correlation was observed between the constants and the tunneling magnitudes (as expected). The correlation for the K a = 1 and K a = 2 upper states the correlations are more interesting. Almost all of the states show the same correlation pattern, that is, the B constant is correlated positively to the D constant and the asymmetry constant is positively correlated to the d constant. In the case of the K a = 2 levels, only the B and D constants are positively correlated. However, the lower triplet level for both K a = 1 and K a = 2 shows strong positive correlation between all constants involved in the fit. This could be evidence for some perturbation strongly affecting these levels. Considering that these levels are in near-degeneracy, as shown in Figure 4 , this correlation can be again rationalized by an external perturbation. The only other remarkable observation in the correlation matrices is that for the K a = 2, E 2 − /E 2 + set there is a strong negative correlation between the D constants and the asymmetry constants, whereas the B constant is uncorrelated. This is not replicated by any other energy level set in the fit. As we stated above, the K a = 2, E 2 − /E 2 + set behaves very irregularly compared to the other sets and this correlation pattern serves as still further evidence that something is perturbing these levels.
As a final note, the traditional interpretation of the rotational constants in terms of nuclear coordinates and motions is inapplicable here, given the large magnitude of these constants compared to ground state values. However, this increased magnitude testifies that the water dimer is a highly nonrigid complex and that with excitations into the librational band of water the complex may display a particularly high degree of flexibility. An important conclusion to draw from this observation is that when simulating this region of the bulk (the librational band), flexible monomer models should be used.
Tunneling splittings
As all three tunneling pathways have now been characterized for the librational excitation, a comparison with the ground state values leads to a more complete understanding of the pathways and the associated tunneling barriers. In general, all of the measured values for the tunneling splittings in the librationally excited state show a dramatic increase over their ground state values. This is consistent with the results for previously studied lower energy excitations; however, the increases observed here-particularly for the bifurcation and interchange tunneling pathways-provide interesting new insights. Since only one acceptor switching splitting was measured, comparison to the ground state is tentative, pending further investigation; however, the observed value of ∼308 GHz for the K a = 1 stack greatly exceeds the value of ∼83 GHz for the K a = 1 stack of the ground state and is comparable to the value for the K a = 0 ground state stack of 333 GHz. The enhanced acceptor switching is evidence for a reduced potential barrier in the excited state.
The observed interchange tunneling splittings range from 60 to 120 GHz, which again dramatically exceed the ground state values, all of which are less than 23 GHz. As for acceptor switching, the barrier for this pathway is very much less than 500 cm −1 ; however, an additional factor may lead to the increased splittings. As shown in Figure 8 , the tunneling motions closely resemble some of the intermolecular vibrations. Coupling of these vibrational motions to the tunneling pathways would lead to greatly increased splittings/shifts. 28, 29 The lowest barrier mechanism for interchange tunneling is the "geared" interchange pathway, consisting of a rotation of the donor molecule about the axis including the hydrogen bond, while the acceptor molecule rotates about its molecular C 2 axis. The donor then rotates about its molecular C 2 axis while the original acceptor rotates into the symmetry plane to become the new donor. The motion of the original donor molecule closely mirrors the motion of the out-of-plane libration, thus, coupling of the two motions is likely to produce an enhanced interchange tunneling. Such an enhancement could lead to increased splitting not consistent with simply transcending the tunneling barrier.
For bifurcation tunneling, the pathway is one that results in the exchange of the donor hydrogens. This motion appears to be strongly coupled to the out-of-plane libration. As the observed bifurcation shifts range from 2500 to 23 800 MHz (compared to ground state values estimated to be >750 MHz) this motion produces the most dramatic increase in tunneling effects relative to the ground state yet observed. In fact, the shifts are the highest ever measured for the bifurcation pathway for any water dimer, with the exception of the Coriolis-coupled acceptor wag and acceptor twist levels, where the abnormal shift was effected by the strong Coriolis interaction. Given that the excited state characterized here resides in the librational band region of liquid water, these increased tunneling splittings/shifts deserve further investigation as to their effects on hydrogen bond dynamics in liquid water.
One final intriguing consequence of the large interchange and bifurcation tunneling effects is the permutation of the usual ordering of the energy levels. Figure 9 shows a comparison of the expected and observed eigenstate ordering for two representative levels. The extent of the permutation varies but is more dramatic in the levels that have larger interchange and bifurcation tunneling perturbations, as would be expected. The effects of this permutation on the hydrogen bond dynamics of liquid and solid water could be interesting.
SUMMARY OF WATER VRT STUDIES
We have recently reviewed the experimental studies made for the water dimer. 20 Description of the currently observed VRT levels for (H 2 O) 2 and (D 2 O) 2 can be found in papers by Braly et al., the early work in the microwave, the later work by Harker et al., and complete characterization of the ground state by Keutsch et al. [28] [29] [30] [31] [32] 51, 52 These papers present observations of all the intermolecular vibrations except the inplane and out-of-plane librations, the latter described herein. With this extensive collection of accurate spectroscopic data, sampling a large range of the dimer potential energy surface, it should now be possible to develop highly accurate potential models through direct inversion methods and thereby obtain the two-body interaction term in the many body expansion of bulk water potentials very accurately. Nevertheless, some experimental work remains to be done to completely characterize the fundamental intermolecular vibrations. The region of 300 cm −1 is particular interesting due to the observation of the in-plane libration in matrix isolation experiments. 46 The limited availability of suitable radiation sources in the terahertz region has traditionally been the limitation on VRT experiments with water clusters but emerging technologies may soon mitigate this problem. 53 In any case, the realization of a truly complete characterization of the water dimer is clearly near at hand. 
CONCLUSIONS
We have presented the first high resolution spectroscopy results characterizing the out-of-plane bend intermolecular vibration of (H 2 O) 2 in the librational band region of liquid water. The excited states exhibit dramatic increases in tunneling splittings compared to the ground state, resulting in a permutation of the energy level ordering. A fit of the assigned transitions yields rotational constants that vary significantly from the ground state values, possibly the result of perturbations from the high density of energy levels that exist in the sampled frequency domain (ca. 500 cm −1 ). This work extends the characterization of the hydrogen bond vibrations of the water dimer to encompass five of the six intermolecular modes. Along with the recent measurement of the dimer dissociation energy, 54 this will enable rigorous tests of existing and future dimer potential surfaces, and hence, important progress in the determination of a new class of accurate models for solid and liquid water. Further work remains, however, to characterize the predicted 300 cm −1 inplane librational motion.
